A metal organic framework-supported Nickel nanoparticle (Ni-MOF-5) was successfully synthesized using a simple impregnation method. The obtained solid acid catalyst was characterized by Powder X-ray diffraction (XRD), scanning electron microscopy (SEM), nitrogen adsorption-desorption and thermogravimetric analysis (TGA). The catalyst was highly crystalline with good thermodynamic stability (up to 400°C) and high surface area (699 m ). The catalyst was studied for the oxidation of ethyl benzene, and the results were monitored via gas chromatography (GC) and found that the Ni-MOF-5 catalyst was highly effective for ethyl benzene oxidation. The conversion of ethyl benzene and the selectivity for acetophenone were 55.3% and 90.2%, respectively.
Introduction
Metal organic frameworks (MOFs) are new class of microporous materials that have been found to have many potential advantages, such as well-defined structures, controlled pore size, high thermal and chemical stability, high surface area, low density, and desired functional groups. [1] [2] [3] [4] [5] In recent years, ongoing efforts have been made to explore potential applications of MOFs in various fields, including gas adsorption, separation, and storage; [6] [7] [8] [9] [10] [11] in drug delivery; 12 sensing; 13, 14 and enantio-selective catalysis. [15] [16] [17] MOFs are promising catalysts because the active sites of MOFs can be tailored in a systematic way for specific catalytic applications. 18 In addition, as catalysts, MOFs not only have the single-site active species characteristics of homogenous catalysts (which make them more attractive for applications in the liquid phase), but also have the advantages of easy separation and recycling (a required property of a typical heterogeneous catalyst). 19 In recent years, due to their excellent catalytic properties, MOFs have been used as solid catalysts or catalyst support for some reactions such as oxidation, 20, 21 hydrogenation, 22 alkene epoxidation, [23] [24] [25] Friedel-Crafts alkylation, 26 and trans-esterification.
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MOF-5 [Zn 4 O (BDC) 3 , BDC=1,4-benzenedicarboxylate], also known as the isoreticular metal organic framework IRMOF-1, was first discovered by Yaghi et al. in 1999. 28 Since then MOF-5 has attracted widespread interest from researchers due to its excellent structural properties. MOF-5 has large pore size and highly-crystalline cubic structure with zinc oxide tetrahedral rigidly connected by terephthalic acid organic linkers. This combination of pore size and functionality of the organic ligands makes MOF-5 particularly attractive. Moreover, MOF-5 material has good thermodynamic stability up to 400°C. In recent decades, MOF-5 materials have been well investigated for potential applications in gas storage and adsorption, 29 separation, 30 and heterogeneous catalysis. 31 As a catalyst support, a series of MOF-5 supported metal catalysts such as Pd/MOF-5, Rh/ MOF-5 and Cu/ZnO/MOF-5 have been investigated and explored for the catalytic reactions. [32] [33] [34] As based to our knowledge, nickel based catalysts have been extensively studied in various oxidation reactions and they exhibited excellent catalytic activity and performance. [35] [36] [37] However, the exploration of nickel based MOF-5 catalysts on oxidation of aromatic hydrocarbons such as ethyl benzene has not been found in the literatures so far.
Based on all above, in the present work, we discuss the potential application of MOF-5 supported Ni catalyst for the selective oxidation of alkyl aromatics, such as ethyl benzene. Here we describe the preparation of nickel supported MOF catalyst Ni-MOF-5 by a simple impregnation method, and we discuss the results of the tests of the catalytic properties in the oxidation of ethyl benzene with oxygen. Catalyst Characterization. Powder X-ray diffraction (XRD) patterns were recorded using a Rigaku D/Max 2200+Ultima diffractometer with Cu-Kα radiation (λ = 0.154 nm). The diffraction data were recorded in the 2θ range 5-50° with a step of 0.02°/s. Thermogravimetric analysis (TGA) was performed using a Scinco TGA N1000 thermo-gravimetric analyzer. The sample was heated from room temperature to 800°C under an air atmosphere at a temperature ramp of 10°C/min, and the nitrogen adsorption-desorption isotherms were measured at 77 K on a Belsorp Mini II volumetric adsorption analyzer. Prior to each adsorption measurement, the samples were evacuated at 200°C under a vacuum (p < 10 -5 mbar) for 6 h in the degassing port. The specific surface area (S BET ) was determined from the linear part of the Brunauer-Emmett-Teller (BET) equation, and the pore volume was calculated using a BET plot based on the amount of nitrogen gas adsorbed at the last adsorption point (p/p 0 = 0.99). The pore size distribution was measured using the Barrett-Joyner-Halenda (BJH) method. SEM images were captured on a JEOL JSM 5600 scanning electron microscope. XPS spectra were recorded in the fixed transmission mode. The analyzer slit width was set to 0.4 mm and a pass energy of 200 eV was chosen, resulting in an overall energy resolution better than 0.7 eV. Charging effects were compensated by applying a flood gun. The binding energies were calibrated based on the hydrocarbon C1s peak at 285 eV. Prior to individual elemental scans a survey scan was taken for all the samples in order to detect all the elements present.
Experimental
Catalyst Activity (Oxidation of Ethyl Benzene). The catalytic performance of the synthesized catalysts in the oxidation of ethyl benzene (EB) was studied under solventfree conditions. The reaction procedure was adopted from prior work 38 with little modifications. In a typical run, 5 mL EB and 0.10 g of catalyst were taken in a 50 mL round bottom flask with a water-cooled condenser and O 2 gas inlet.
The mixture was heated at a constant temperature with continuous O 2 gas flow with stirring for 6 h. The reaction mixture was cooled to room temperature, and then the catalyst was separated by filtration. The catalyst was washed with ethanol and dried at 100°C for subsequent using. In order to optimize the reaction conditions, the temperature, time, catalyst weight, and O 2 flow were investigated. The obtained products were analyzed via GC (Agilent, HP-5 column 50 m × 320 μm × 0.52 μm and FID detector).
Results and Discussion
XRD. The XRD patterns of the prepared MOF-5 and Ni-MOF-5 samples are shown in Figure 1 . The XRD characteristic features of the synthesized samples are consistent with those reported in literature, 39, 40 indicating the successful formation of MOF-5. The main peaks of MOF-5 ( Fig. 1(a) ) were observed at 2θ = 6.8°, 9.7°, 13.7° and 15.4°, and very sharp peaks below 10° were observed for both MOF-5 and Ni-MOF-5. This indicated the highly-crystalline nature of the catalysts. In addition, the small peak that appeared around 30-40° (2θ) confirmed the presence of a trace amount of free ZnO (JCPDS NO. 36-1451) in the MOF-5 framework. Ni-MOF-5 was compared to MOF-5, and two small peaks were found at 2θ angles of 10.4 and 12.4° in the XRD pattern of, as shown in Figure 1 (b). These were caused by the changes in the symmetry of the MOF-5 structure during the preparation of the catalyst. 41 Success in loading with Ni was further confirmed by the additional small diffraction peak that appeared around 45° (2θ) in the XRD pattern of Ni-MOF-5 [ Fig. 1(b) ].
SEM. Figure 2 displays the SEM images of the synthesized MOF-5 and Ni-MOF-5 samples. Well-shaped highquality crystals appeared in the SEM micrograph of both MOF-5 and Ni-MOF-5, indicating that the synthesized catalysts were highly crystalline, a finding which was consistent with the results obtained from the XRD patterns (Fig.  1) . As shown in Figure 2 , the synthesized MOF-5 and Ni-MOF-5 have the same morphologies. Both MOF-5 and Ni-MOF-5 crystal were composed of tetrahedron particles with BET. The nitrogen adsorption-desorption isotherms of MOF-5 and Ni-MOF-5 samples are shown in Figure 3 . Both of them showed a Type I adsorption isotherm according to the IUPAC classification, indicating that the synthesized catalysts have the typical characteristic of microporous materials. These results are consistent with prior research.
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The resulting specific surface area and pore volume of the synthesized catalysts are summarized in However, the pore volume and pore diameter of Ni-MOF-5 were higher than that MOF-5, as shown in Table 1 , this may be due to deposition/growth of the Ni nanoparticles even on the pore opening, leading to pore elongation by increasing the pore volume and size.
TGA. Since the oxidation of the EB reaction was carried out using oxygen gas as the oxidant, so here the thermograms of the synthesized catalysts were measured in an air atmosphere to simulate the reaction conditions. The TGA curves of MOF-5 and Ni-MOF-5 are presented in Figure 4 . For MOF-5, two weight losses were observed. The first 15% weight loss occurred below 200°C due to the removal of physically adsorbed gases, moisture, and DMF from the pores of MOF-5 while the second weight loss that occurred at around 400°C was caused by the decomposition of the framework. For Ni-MOF-5, the first weight loss about 8% and was observed below 400°C, which was less than that of MOF-5. The second weight loss by a large margin started from 400°C was due to the decomposition of the catalyst. As seen in Figure 4 , both MOF-5 and Ni-MOF-5 were stable up to 400°C in an air atmosphere, which confirmed that the synthesized catalysts were suitable for the reaction carried from 120-160°C.
XPS and ICP-AES. Figure 5 depicts the XPS results of the Ni-MOF-5 sample. In the spectrum the two peaks at 1022.5 and 1045.5 eV were attributed to the 2p3/2 and 2p1/2 components of Zn2p. A peak observed at 987.5 eV (kinetic energy, KE) confirmed the presence of Zn 2+ species in MOF-5. The intense peak at 285 eV is for C1s of hydrocarbon in the frame work. The -COO of the frame work was observed near 289.5 eV. This was further confirmed by the presence of O1s peak at about 531.5 eV. For MOF-5, an additional peak is detected at 529.3 eV which is related to the presence of Zn 4 O groups in the MOFs structure. Further to this the peak at 855.9 eV proves the presence of the Ni 2+ species. Amount of Ni loaded on the MOF-5 was verified by ICP-AES which shows about 14.8% of nickel as Ni element the same was further verified by the SEM-EDX results also.
Catalytic Activity. The synthesized MOF-5 and Ni-MOF-5 samples were studied for the oxidation of EB. The reaction was carried out at 150°C with 0.10 g catalysts for 6 h. For comparison, the reaction was also studied under the same conditions without a catalyst. The results were analyzed via GC and are shown in Table 2 . The oxidation of EB over the prepared catalysts resulted in acetophenone (AP), benzaldehyde (BZ), and benzoic acid (BA) as seen in the same table. Based on the above results, a probable reaction mechanism for the oxidation of EB by the catalyst over was presented in Scheme 1. With respect to this scheme, in the first step the nickel nanoparticles as NiO species will obstruct an oxygen atom from oxygen molecule and forms nickel peroxide mono layer which behaves as NiO 2 in oxidation. In the second step, the oxygen atom away from the Ni and tends to obstruct a proton from the active methylene group of EB, then forms the nickel hydroperoxide which is a reactive intermediate of oxidation. Next step the nickel hydroperoxide transfers the -O-OH bond to the methylene radical of EB to form an intermediate 2-ethyl benzene hydroperoxide which is then split into its oxidized species such as AP and BA. Relative to the reaction carried without catalyst, the conversion of EB with catalyst increased by 8-18% while the selectivity of product AP had an increment of 31%. These results indicated that the synthesized catalysts were effective in the EB oxidation reaction. In the case of Ni-MOF-5, the conversion of EB and the selectivity of AP were much higher than that of MOF-5, demonstrating that the deposition of nickel improved the catalytic activity of MOF-5.
Effect of Temperature. In order to investigate the effects of the temperature, the reaction was studied at 120, 130, 140, 150, and 160 °C with the synthesized Ni-MOF-5 catalyst with a 5.5 mL/min O 2 gas flow for 6 h. The results of the GC analysis are shown in Figure 6 . As can be seen, the conversion of EB increased with increasing temperatures up to 150°C
and then decreased, with a maximum value at 150°C of 23.3%. Analogously, the selectivity of AP also increased with increasing temperature until 150 °C and then decreased. However, the increasing and decreasing amplitude were not as sharp as that of the conversion of EB. The maximum value of the selectivity of AP was 89.2% at 150°C. Therefore, considering EB conversion and AP selectivity, 150°C is the optimum temperature for the reaction, and that temperature was used in subsequent reactions.
Effect of Time. EB oxidation was carried out at 150 °C for 5 different reaction times (6, 8, 10, 15 , and 24 h) with 0.10 Ni-MOF-5 catalyst and 5.5 mL/min O 2 flow. The results are displayed in Figure 7 . We can see that EB conversion increased with increasing reaction time gradually. When the reaction time reached 24 h, the value of EB conversion increased to 55.3%. The selectivity of AP remained relatively stable at different reaction times, and the values were kept at around 90% when reaction time changed. In Table 3 we compare our current results to our previous work 45 where we had carried out the same reaction under the same conditions using Cu-BTC as the catalyst. The conversion of EB in this work has been improved by a value of about 10%, indicating that Ni-MOF-5 catalysts are more effective than Cu-BTC for application in EB oxidation. Effect of O 2 Flow Rate. The effect of the O 2 gas flow rate on EB conversion and AP selectivity was studied at 150°C for 24 h with 0.10 g of Ni-MOF-5 catalyst. O 2 flow rate was applied at four different values (3.5, 5.5, 7.5 and 10 mL/min) and the results are shown in Figure 8 . EB conversion increased with increasing O 2 gas flow rate and then decreased. At the value of 5.5 mL/min, a maximum EB conversion of 55.3% was obtained. AP selectivity did not show any obvious changes in different O 2 gas flow rates, with a high and stable selectivity was displayed throughout. The decrease in EB conversion at higher O 2 flow rates may due to the high vaporization of EB at that flow, hence, the vaporized EB could not contact with the catalyst, and consequently, this decreased the concentration of EB around the catalyst, resulting in the decrease in EB conversion at high O 2 gas flow rates.
Effect of Catalyst Weight. The reaction was carried out at 150°C for 24 h with O 2 flow rate of 5.5 mL/min with the aim to study the catalyst weight effects on EB conversion and AP selectivity. The catalyst weight was adjusted from 0.05 to 0.20 g, and the results are displayed in Figure 9 . The conversion of EB and the selectivity of AP increased when the catalyst weight increased from 0.05 to 0.10 g, while at catalyst weight more than 0.10 g both of them decreased. The low conversion and AP selectivity with 0.05 g catalyst is due to the relatively lower amount of catalyst active sites, which are not enough to meet the needs of molecular EB.
The maximum values of EB conversion and AP selectivity were 55.3 and 90.2%, respectively, when 0.10 g of catalyst were used. The catalyst synthesized in this work is more superior in activity while compared with the other nickel substituted catalysts studied in the literature. 46 The reports given by Raju et al. (2008) exemplified that their catalyst have only little conversion efficiency in the range of 2.4-21.4%. The decreased efficiency may be due to the low surface area of their catalyst.
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The Stability of Ni-MOF-5 Catalyst. Good stability is one of the most important characteristics expected for a catalyst. To investigate this, we carried the recycling experiments using the previously used catalyst (after activation) to study the lifetime of the catalyst. After each reaction, the catalyst was separated from the reaction mixture, washed with ethanol, and dried at 200°C overnight. EB oxidation was carried out under the same reaction conditions using the regenerated catalysts. The recycling experiment was repeated four times and the results are shown in Table 4 . EB conversion decreased slowly in each run, which may be due to molecular EB entrapped within the pores due to further effective entry of EB into the pores where Ni get deposited. Even though the conversion was reduced, the selectivity of AP remained unchanged, confirming that Ni-MOF-5 is an effective catalyst for high AP selectivity and is stable during EB oxidation.
Conclusion
In this work, nickel incorporated metal organic framework (Ni-MOF-5) was synthesized and was successfully employed in the selective oxidation of EB under solvent-free conditions using molecular oxygen as the oxidant. From the results we obtained, it was noted that a temperature of 150°C
, duration of 24 h, 0.10 g of catalyst, and a 5.5 mL/min O 2 gas flow were optimum for EB conversion. With these optimized conditions, the conversion and the selectivity of AP were 55.3 and 90.2%, respectively. The stability of catalyst was studied through recycling experiments using recovered catalyst. The results confirmed that Ni-MOF-5 was an effective and reusable catalyst for selective oxidation of EB. 
